Abstract: Naturally occurring halloysite nanotubes (HNTs) with hollow nanotubular structures were used as a new type filler for polyhydroxyurethane. The polyhydroxyurethane/halloysite nanocomposites (PHU/HNTs) were prepared by the in-situ surface-initiated polymerization of a five-membered cyclic carbonate 2,2-bis[p-(1,3-dioxolan-2-one-4-yl-methoxy) phenyl] propane (B5CC) and hexa methylene diamine, from the surfaces of the aminopropyl halloysite nanotubes (APHNTs) for the first time. The percentage of grafting (PG %) and the grafting efficiency (GE %) of 41% and 23% were calculated from the results of the thermogravimetric analysis (TGA) and from the results of elemental analysis (EA) respectively after the free polyhydroxyurethane was washed off. The chemical grafting of the polymer was also confirmed using FTIR; the morphology of the silica nanotubes in the nanocomposite was examined by transmission electron microscope (TEM).
Introduction
Nanocomposites are a relatively new class of composites that gained recognition during the past decade, because of their unique reinforcement properties. It has been widely used as filler in the manufacture of paints, rubbers, binders, functional fibers, anti-virus materials and so on. A nanocomposite is new class of composites derived from the ultrafine inorganic particles with dimensions typically in the range of 1-1000 nm that are dispersed in the polymer matrix homogeneously [1] . In past decades, there were a variety of attempts to achieve polymer grafted nano-sized silica nanoccomposites [2, 3] . Most recently, there is a rising trend to prepare the heterochain polymers/silica nanocomposites with chemical bonds between the polymers and the silica nanotubes. In the reported works, polyamide/silica nanocomposites [4] , poly(ethylene terephthalate)/silica nanocomposites [5] , phenolicformaldehyde resin/silica nanocomposites [6] , hyperbranched polymer/silica nanocomposites [7] , polyurethane/silica nanocomposites [8] [9] [10] , etc, the silica nanoparticles had been organo-modified before the step polymerization of various monomers. It is well known that surface modification by grafting of polymers onto inorganic nanoparticles is an effective way to improve its dispensability in an organic polymeric matrix and its compatibility with the polymeric matrix, thus enhancing the properties of the composite materials [11] [12] [13] . Clays have attracted considerable attention because of their specific structure architecture, unique chemical and physical properties, such as zeolites, montmorillonite, vermiculite, attapulgite and other mica-type silicates. HNTs are a kind of aluminosilicate clays with hollow nanotubular structure mined from natural deposits in China, America, France etc.
Five-membered cyclic carbonates can be synthesized from oxiranes and carbon dioxide under mild conditions [14] and even stereospecifically via retention of the configuration of epoxides [15] . Recently some papers have reported that fivemembered cyclic carbonates can react with amines efficiently to afford the corresponding hydroxyurethanes [16] [17] . To date, there is no report about the surface-initiated polymerization/HNTs of the five-membered cyclic carbonates.
In this work, we report polyhydroxyurethane/halloysite nanocomposites (PHU/HNTs) prepared with a solution polymerization method. The halloysite nanotubes can be well-dispersed in some organic solvents after being grafted with the polyhydroxyurethanes.
Results and discussion
After the assembly of APTES onto the surfaces of hallyosite nanotubes, the amount of the anchored amino groups was found to be about 3.43 m mol/g APHNTs, calculated from the elemental analysis results. In the proposed procedure, the fivemembered rings from B5CC can react with the amino groups of APHNTs and hexamethylene diamine. So the polyhydroxyurethane can be grafted from silica nanotubes. The conversion of the monomer, B5CC, was found to be more than 90% from the elemental analysis (EA) result of the PHU/HNTs [ Table 1 ].
Tab
Infrared spectroscopy was used to provide information on the total or partial loss of silanol groups bonded to the original HNTs nanotubes and to clarify the effect caused by the immobilization of organic groups on the surfaces of organo-modified HNTs nanotubes and the grafted HNTs nanotubes (Fig. 1) . The main characteristic peaks are assigned as follows: the band at 3408.52 cm -1 is attributable to N-H stretching mode, the absorption at 1668.18 cm -1 is a characteristic peak of the C=O present in the nanotubes. A broad band assigned to the Si-O-Si symmetric stretching mode was observed at 1096.31cm -1 (Fig. 1) . The spectrum related to the precursor silica showed a band at 958.23cm -1 , which was identified as the terminal Si-OH deformation band due to the presence of this group bonded on the silica surface, and another band associated to Si-O was located at 467.09cm The TGA analyses also indicated that the polymer has been successfully grafted from the surfaces of the modified silica nanotubes (Fig. 3) . Fig. 3a shows that the final loss of weight is about 10% of the bare halloysite nanotubes and those at the temperature <200 C resulted from the release of the adsorbed moisture. Fig. 3b shows that the final loss of weight is about 19.18% of the APHNTs. Fig. 3c shows that the final loss of weight is about 29.3% of the self-assembled halloysite. The organic compounds of ASHNTs and the PU decomposed at temperature > 200 C. From the results, it can be concluded that the percentage of grafting (PG %) is about 41%. Transmission electron microscopy (TEM) was used for the morphology analysis of the organo-modified halloysite nanotubes with self-assembly and the images of the bare halloysite nanotubes, APHNTs and the polymer grafted halloysite nanotubes (Fig. 4) . The bare halloysite nanotubes, APHNT and the polymer grafted halloysite nanotubes were dispersed in ethanol, respectively. The dispersibility of the organo-modification was better than the bare halloysite nanotubes. It could be concluded that the organomodification could break up the soft agglomeration of the ultra-fine particles and improve their dispensability in organic solvent. The mean hydrodynamic particle diameters of the grafted halloysite was bigger than that of APHNT and that of the bare halloysite nanotubes because of the formation of hydrogen bonds between the large numbers of amino groups immobilized onto the surface of the ultra-fine particles.
Conclusions
The opening five-membered cyclic carbonates were prepared simply by the polymerization of the five-membered cyclic carbonate groups with the amino groups on the surfaces of APHNTs. The analysis results of EA, FTIR and TGA indicated the grafting of the five-membered cyclic carbonate polymers onto the surfaces of halloysite nanotubes. The grafted halloysite nanotubes have better dispersibility than the bare halloysite nanotubes in polymer or organic solvents. It is expected to be used as corrosion protections, secondary battery materials, etc.
Experimental part

Materials
Halloysite nanotubes was obtained from Qinghai, China. It was dried in vacuum at 70 C for 48 h before use. -Aminopropyltriethoxysilane (APTES) (Gaizhou Chemical Industrial Co. Ltd. Liaoning, China) was used as received.
Bis(oxiran-2-ylmethyl) cyclohex-4-ene-1,2-dicarboxylate was bought from Lanxing Chemical Co. Ltd. Wuxi, China and lithium bromide (LiBr) from Chemical Industrial Co. Ltd., Shanghai, China. 2,2-Bis[p-(1,3-dioxolan-2-one-4-yl-methoxy) phenyl] propane (B5CC) were synthesized according to the literature [17] .
N,N-dimethylformamide (DMF), 1-methyl-2-pyrrolidone (NMP), toluene and ethanol (Tianjin Chemicals Co. Ltd., China) were all analytical reagents.
Preparation of the aminopropyl halloysite nanotubes (APHNTs)
Into a 500 ml flask, 1.0 g halloysite nanotubes, 100 ml toluene and 10 ml APTES were charged and the mixture was dispersed with ultrasonic vibrations for 30 min. Then the mixture was refluxed for 10 h under stirring with a magnetic stirrer. After the reaction, the mixture was centrifuged and the precipitate was dispersed into 300 ml ethanol with ultrasonic vibrations for 30 min and centrifuged (10 4 rpm/min for 1 h) again. The washing operation was repeated for several times and the resulting precipitate, the aminopropyl halloysites (APHNTs) were dried in vacuum at room temperature [19] .
Synthesis of B5CC
A solution of bis(oxiran-2-ylmethyl) cyclohex-4-ene-1,2-dicarboxylate (47.04 g, 0.168 mol) and LiBr (0.72g, 0.0084mol) in 1-methyl-2-pyrrolidone (NMP, 84 ml) was placed in a three-necked flask equipped with a Dimroth condenser and a glass tube to introduce gaseous CO 2 . The solution was heated and stirred at 100 0 C with CO 2 bubbling overnight under atmospheric pressure. After removal of the solvent, the residue was purified by saturated baking soda, eluted by ethyl acetate to obtain a slightly white solid power product. The product is 2,2-bis[p-(1, 3-dioxolan-2-one-4-ylmethoxy) phenyl] propane (B5CC). [20] .
Graft polymerization of B5CC from APHNTs
The APHNTs 1.00 g, 2,2-bis[p-(1,3-dioxolan-2-one-4-yl-methoxy) phenyl] propane (B5CC) 4.00 g and hexamethylene diamine 1.04 g were added into a 100 ml flask and mixed with ultrasonic vibrations in DMF for 30 min. The mixture was stirred at 110 C for 48 h. After removal of the solvent, the residue was purified by the washing operation. The mixture was centrifuged and the precipitate was dispersed into 300 ml DMF and ethanol with ultrasonic vibrations for 30 min and centrifuged (10 4 rpm/min for 1 h). The washing operation was each repeated for three times and the resulting precipitate, polyhydroxyurethane grafted halloysite nanotubes (PHU-HNTs), were dried in vacuum at 50 C. (Figure 2. ).
Characterization
Elemental analysis (EA) of C, H and N was performed on Elementar vario EL instrument. Bruker IFS 66v/s infrared spectrometer was used for the Fourier transform infrared (FTIR) analysis. Thermogravimetric analysis (TGA) was used for the thermal stability of the nanocomposites, performed with a Perkin-Elmer TGA system from room temperature to 800 C in nitrogen at a heating rate of 10 C /min. The polymers cleaved from the halloysite nanotubes were dissolved in deuterated chloroform and then characterized with 1H NMR using a Varian UNITY INOVA-500 FT-NMR spectrometer. The morphologies of the bare silica nanotubes were characterized with a JEM-1200 EX/S transmission electron microscope (TEM). The powders were dispersed in DMF in an ultrasonic bath for 5 min, and then deposited on a copper grid covered with a perforated carbon film.
The percentage of grafting (PG %) and grafting efficiency (GE %) was calculated according to the following relationships from the results of elemental analyses [21] :
